Background: The understanding of the molecular bases of blood groups makes possible the identification of red cell antigens and antibodies using molecular approaches, especially when haemagglutination is of limited value. The practical application of DNA typing requires the analysis of the polymorphism and allele distribution of the blood group genes under study since genetic variability was observed among different ethnic groups. Urban populations of Argentina are assumed to have a white Caucasian European genetic component. However, historical and biological data account for the influence of other ethnic groups. In this work we analyse FY and RH blood group alleles attributed to Africans and that could have clinical implications in the immune destruction of erythrocytes.
Background
Classical haemagglutination is a powerful technique for testing blood group antigens but has certain limitations. The understanding of the molecular bases associated with blood group antigens makes possible the prediction of phenotypes using molecular approaches [1] [2] [3] . However, the practical application of DNA typing requires an exhaustive analysis of the polymorphism and allele distribution of the blood group genes under study since a high level of genetic variability was observed among different ethnic groups [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . DNA typing in random samples without reference to the allele pool involved may lead to erroneous results.
Many blood group antigens are the result of single nucleotide polymorphisms (SNPs) inherited in a straightforward Mendelian manner. The Duffy (FY) blood group locus, localized on chromosome 1q22-q23, is characterized by two major codominant alleles designed FY*A and FY*B. Both alleles are distinguished by a missense mutation (125G>A), which results in a single amino acid difference (Gly42Asp) and gives the common Fy(a+b-), Fy(ab+) and Fy(a+b+) phenotypes in European and Asian populations [14] [15] [16] [17] [18] . The Fy(a-b-) phenotype is commonly found in Blacks homozygous for a silent FY*B allele which is caused by a substitution from T to C at the GATA box motif of the FY*B promoter (-33 t>c). This mutation disrupts the binding site for the GATA-1 erythroid transcription factor resulting in the lack of FY gene expression only in the erythroid linage [19, 20] . We refer to this allele as FY*B ES (ES stands for erythroid silent) [21] .
The RH blood group locus is localized on the short arm of chromosome 1p34-p36 and its alleles and haplotypes show substantial ethnic variability. This is particularly demonstrated by the RHCE*ce(733C>G) allele that generates the VS antigen which is extremely rare in people of European and Asian origin but has a frequency up to 50% in African descents [10, 12, 22] . RHCE*ce(733C>G) results from a single point mutation in RHCE exon 5 (733C>G), leading to a Leu245Val substitution and has been primarily found in the Dce haplotype [23] [24] [25] which is also more common in Blacks with a frequency of 40-60% [9] . [29, 30, 32] , hence further analysis are needed. In this work we performed a random survey among white individuals from the city of Rosario to describe the presence of blood group alleles attributed to sub-Saharan Africans. The results contribute to understand the genetic background of our population, thus helping develop reliable high-throughput platforms for molecular blood group typing. Thereby, our findings have important implications in transfusion medicine allowing a better management of the alloimmunization in the blood bank and improving transfusion outcomes.
Methods

Blood samples
We studied EDTA blood samples drawn from 103 trios (father, mother and child) from the city of Rosario that concurred to our laboratory for paternity testing. They were chosen in consecutive order considering only those cases in which the paternity was probed by STR analyses. Fathers and mothers filled in a form with personal data. In this form they were also asked to indicate what racial/ethnic group they identified with: 1) White, 2) Black, 3) Amerindian, 4) Asian and 5) other. All parents identified themselves as Whites. The 309 samples were taken with the informed consent of the patients and all procedures were performed according to the ethical standards established by the University of Rosario. Saline erythrocyte suspensions were used for serological studies. Genomic DNA isolated with a commercial kit (QIAamp, Qiagen, Germany) was used for molecular analyses.
Detection of FY alleles
FY genotyping was performed by PCR strategies with oligonucleotide primers designed with the allele-differentiating base at the 3' position [33] . Two PCR reactions each containing a forward primer (nucleotide -33T at the 3' end) to target the normal FY alleles' promoter region paired with reverse primers specific to anneal FY*A and FY*B (125C and 125T at the 3' end) alleles respectively were set up. The oligonucleotide sequences of each primer used in this study (Operon Biotechnologies, Germany) and the PCR products length are listed in Table 1 . The FY*B ES allele was detected with a forward primer that anneal the mutated promoter region (-33C at the 3' end) paired with the FY*B specific primer.
Detection of Dce haplotypes
Routine erythrocyte Rh antigens' typing was performed by standard agglutination methods using polyclonal as well as monoclonal antibodies against D, C, c, E and e (DiaMed, Switzerland). Haplotypes were inferred in each individual by the most probable genotype method using standard frequency tables for Whites. RHD zygosity was also determined by Rhesus box analysis. A copy of a hybrid Rhesus box was detected by a PCR strategy [25] using a forward primer that anneals at the 5' end of the identity region of the upstream and hybrid Rhesus boxes (specific for 5465A) and a reverse primer that anneals at the 3'end of identity region of the downstream and hybrid Rhesus boxes (specific for 7403G) ( Table 1) .
Detection of RHCE*ce(733C>G) alleles
Two separate PCR were performed using a forward primer specific for intron 4 of the RHCE gene and reverse primers complementary to RH exon 5 containing at their 3' ends the polymorphic nucleotides 733G (to anneal in RHCE exon 5) or 733C (to anneal in RHD exon 5) in each reaction [25] ( Table 1) . to complete extension. Cycling parameters were 30 cycles of 30 seconds at 94°C, 1 minute at 59°C (for hybrid Rhesus box) or 60°C (for RHCE*ce(733C>G) and FY alleles) for annealing and 3 minutes (for hybrid Rhesus box) or 1 minute at 72°C for extension. PCR products were analysed by electrophoresis on 1% (for hybrid Rhesus box) and 2% agarose gels stained with ethidium bromide.
PCR conditions
Statistical analyses
Allele and haplotype frequencies were obtained by direct counting analysing only fathers and mothers (n = 206). The haplotype frequencies obtained were corroborated by the maximum likelihood method. The chi-square (goodness of fit) test was applied to compare the frequency distribution of FY alleles and RH haplotypes with those reported. Each proportion individually against the corresponding published value was compared by means of the z test. The fit of genotype frequencies to Hardy-Weinberg proportions was assessed using the chi-square test. Alleles association was analysed by the Fisher's exact test. African admixture was calculated using the gene identity method [35] , implemented in the Admix95 program (see Availability and requirements section for URL) and using allele frequencies reported in specialized immunohaematology journals (Tables 2 and 3) .
Results
Detection of FY alleles
Allele and genotype frequencies are shown in Table 2 . The frequencies of the three alleles differed significantly from those reported for Whites by molecular methods [7] . An increased in the frequency of the FY*A and FY*B ES alleles was found while the FY*B allele frequency was reduced (p < 0.005). Fifteen individuals of the 206 fathers and moth- ers analysed carried the FY*B ES allele and all of them were heterozygous.
Determination of Dce haplotypes
The RH haplotypes harboured by each individual was assigned considering the CcEe phenotype and the RHD zygosity determined by PCR. The absence of a hybrid Rhesus box was indicative of RHD homozygosity. If different combinations of haplotypes could be assigned to a given sample, the combination requiring the least number of infrequent haplotypes was chosen as the most plausible explanation (Table 3) . Most haplotype frequencies did not differ significantly from those published in the literature for Caucasians. An increased in the frequency of DcE was found (p < 0.05). Serological and molecular Rhesus box analyses allowed the detection of the Dce haplotype not only in Dccee (Dce/dce) but also in DCcee (DCe/ Dce), DccEe (DcE/Dce) and Dccee (Dce/Dce) phenotypes (Table 3 ). These findings resulted in an increase in the frequency of the Dce haplotype (p < 0.0005) when compared with those published in the literature for Whites [36] ( Table 4) .
Detection of the RHCE*ce(733C>G) allele PCR studies revealed the presence of RHCE*ce(733C>G) in 9 samples of the 206 fathers and mothers studied (Table 3) . Although not typed serologically, it can be inferred that the VS antigen has a frequency of 4.37% in the population analysed. None of the samples were homozygous for RHCE*ce(733C>G). The allele frequency is shown in Table 5 . and RHCE*ce(733C>G) positive was significantly higher than that expected (p < 0.0001, hypothesis test concerning the rate parameter of a Poissson distribution). Segregation analysis within each family group showed no linkage disequilibrium between FY and RH loci. Rather, the concomitant occurrence of these two alleles may be due to African ancestry in the population analysed.
Genetic admixture
The value of the genetic admixture with Africans indicates that 4.68% of the present gene pool is composed by alleles primarily associated with African ancestry. Even though the level of admixture is low, we found that approximately 10% of the sample account for it since 21 of the 206 parents have at least one RH or FY allele that is predominantly observed among African populations (Table 6 ).
Discussion
Transfusion medicine is poised to take a leadership role in the large-scale implementation of human genotyping. It already manages mass-scale programs to detect viral contaminants of blood products via nucleic acid technology regimes. This existing infrastructure within blood centres together with the knowledge of the molecular bases of blood groups is being exploited for the development of automated high-throughput microchip technology to simultaneously determine multiple blood group alleles on one sample. However, studies need to be conducted into the genetic variability and distribution of blood groups among different populations to assure a strict genotype -phenotype correlation and to develop reliable genotyping strategies [1] [2] [3] . In this work we performed a random survey among 309 white individuals from Rosario, the third largest city of Argentina, to describe the pres- a. HRB = Hybrid Rhesus box. "+" means "presence" while "-" means "abscence". b. RH haplotypes in the different Rh phenotypes were determined considering the CcEe phenotype, the RHD zygosity determined by PCR and the segregation analysis of the Rh antigens in each trio. In those cases in which different combinations of haplotypes could be assigned to a given sample, the combination requiring the least number of infrequent haplotypes in both parents was chosen as the most plausible explanation.
ence of blood group alleles that are typically found in Africans and could have clinical implications in immune haemolysis. We studied the Duffy and Rh systems by reliable serological and molecular methods. We also determined the RHD zygosity by detection of a hybrid Rhesus box using a PCR strategy that proved to be accurate for testing our population [25] .
The molecular analysis of the Duffy and Rh systems reveal that the genetic pool analysed is composed by Caucasian and non-Caucasian alleles. (Table 6 ). This result clearly shows a non-random association between them suggesting that these alleles did not have time to become widespread in the population, but tend to remain concentrated within families. Further analyses of genetic markers could be performed to determine more accurately the African influence in the city of Rosario. Linkage disequilibrium due to admixture between FY and RH loci could be discarded not only because both loci are located very far apart in chromosome one but also because of segregation analysis within each family group. The African ancestry in the population analysed could explain the significant association found between FY*B ES and RHCE*ce(733C>G).
Molecular study of the Duffy system showed that 13% (9/ 69) of Fy(b-) individuals are FY*A/FY*B ES (Table 2 ). This finding has implications for the management of transfusion therapy in this population because such patients express normal levels of the FY*B product in tissues other than red blood cells [19, 20] . Thus, they would not mount an immune response if they are exposed to Fy(b+) erythrocytes and therefore may not need Fy(b-) blood for transfusion. FY genotyping would allow increasing the pool of compatible units, mainly benefiting those requiring 
Conclusion
In conclusion, in this work we show the contribution of molecular immunohaematology to detect alleles that may be involved in the immune destruction of erythrocytes. We analysed two blood group alleles that are primarily associated with African ancestry by rapid and accurate allele specific PCRs and standard agarose gel electrophoresis which can easily be implemented in laboratories performing basic molecular biology techniques without the need of sophisticated equipment. Genetic data obtained in this study also provide information that help understanding the history of our population, complementing and expanding the evidence that can be gathered from other sources. These results challenge assumptions on a mainly European origin and reveal a more multi-ethnical identity of the population in the Rosario region of central Argentina. Taken together, the results obtained could have considerable impact for typing and transfusion strategy in our population, possible difficulties in transfusion therapy and in genotyping could be anticipated and appropriately improved strategies devised, allowing a better management of the alloimmunization in the blood bank. 
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